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ABSTRACT 

Preliminary studies of the directional characterist ics of lunar 

thermal emission have been completed using existing infrared lunation 

data. Brightness temperatures were obtained at  every 10" interval of a 

thermal latitude and longitude grid system where the subsolar point was 

defined as  the thermal north pole, the antisolar point as  the thermal south 

pole, and the thermal prime meridian as  passing through the apparent 

disk center. 

for: 

The results a r e  presented in the f o r m  of a family of plots 

1. Brightness temperature versus thermal longitude a t  
constant phase for different thermal latitudes. 

2. Brightness temperature versus thermal longitude at 
constant thermal latitude for different phases. 

3 .  Brightness temperature versus phase a t  constant 
latitude for different thermal longitudes. 

Fo r  brightness temperature along the thermal meridian the Lambert 

diffuse surface law T = Tocos40 seems to hold for l a r g e  phase angles. 

A s  the phase decreases a cos60 variation is followed. 

however, there is a deviation from these laws at  large distances from 

the subsolar point. 

1 - 

1 - 
At all  phases, 

F o r  phase angles l e s s  than about 50 O ,  i. e . ,  when the observer is 

within 50"  of the Sun line, the brightness temperature i s  greater  than 

the Lambert  temperature. However, the maximum brightness temperature 

i s  not generally observed exactly in the direction of the Sun, but rather a t  

an elevation angle less  than the Sun. This effect can be qualitatively 

explained in  t e rms  of a flat surface interspersed with hemispherical 

c r a t e r s .  

iii / i v  
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I. INTRODUCTION 

Extensive measurements have been made of the directional 

characterist ics of the light reflected f r o m  the Moon. 

backscattering has  been compared with photometric studies in the labo- 

ra tory of natural and contrived surfaces and with theoretical models, and 

has contributed significantly to  our understanding of the nature of the lunar 

surface. 

f rom the Moon a s  well. 

extensive so  that the interpretation of the results has been limited to 

qualitative explanations in terms of surface roughne s s. 

The observed strong 

Directional properties have been noted in the infrared emission 

However, the measurements have been f a r  less  

The purpose of the work reported here  was to obtain f rom existing 

data a new set  of measurements relating to  the directional characterist ics 

of lunar infrared emission. 

f rom a program at the Boeing Scientific Research Laboratories which con- 

sisted of scanning the illuminated lunar disk in the far-infrared and visible 

wavelengths through a lunation. The effort here  has consisted mainly of a 

reduction of 5000 data points f rom 19 separate phases in t e rms  of "thermal 

coordinates" appropriate to the measurements. 

The data a r e  based on measurements resulting 

The data a r e  applicable to engineering calculations of the heat 

balance of spacecraft on the lunar surface.  Further ,  theoretical models 

of surface roughness can be formulated with respect to these data, and 

compared with measurements made at other wavelengths. 

II. PREVIOUS DIRECTIONAL MEASUREMENTS 

The directionality of infrared emission f r o m  the lunar surface has  

been observed by two methods previously. 

scope scans across  the lunar disk near Full Moon, i. e.  , when the phase 

angle CY (Sun-Moon-observer) i s  close to 0 " .  Figure 1 shows the results 

of Pettit and Nicholson (1930) of such a measurement of the lunar heat a s  

The first consisted of tele- 

1 



a function of angular distance 0 f rom the subsolar point. 

behaved like a Lambert surface, the planetary heat  should vary as cos0, 

since the energy received by a unit element depends in this manner on 

the local zenith angle of the sun (see F i g .  2). 

the dashed curve in F i g .  1. 

higher than this a r e  observed near the limb. 

gested that the observed variation with 8 i s  more  like c0s30, although 

there is no theoretical justification for  expecting the variation should be 

a power of cose. 

If the Moon 

This function is shown by 

Actually, the measurements show that values 

Pettit and Nicholson sug- 
2 - 

The second method consisted of measuring the lunar heat f rom 

the subsolar point as  it sweeps across  the surface through a lunation. 

Figure 3 shows the geometry relevant to this measurement. 

point i s  visible f rom f i rs t -quarter  to third-quarter Moon; the phase angle 

is designated by a. 

Nicholson (1930) and Sinton (1962) a r e  shown in F i g .  4, where the 

dashed curve represents the constant value expected f o r  a Lambert  su r -  

face. 

curve for  la1 < -60", and lower for la/ > -60". 

The subsolar 

The results of these measurements by Pett i t  and 

The measured values can be seen to  be higher than the Lambert  

Both the above types of observation can be understood qualitatively 

in t e rms  of surface roughness. In the case of the Full  Moon observations, 

the observer will see no shadows. (1) Near the limbs the observer will 

see surfaces (mountains, c r a t e r  walls, rills) which a r e  oriented toward 

him. 

Sun and will be at a higher temperature than the average level surface.  

The observer will see a la rger  percentage of illuminated, elevated 

surfaces a t  a higher temperature than the level surface; thus, the 

measured temperatures will be higher than the Lambert  temperature. 

(2) Near the center of the disk a t  Full Moon, the observer looking normal 

to the surface will see the bottoms of "valleys" which will  be warmer than 

the level surface because of reradiation. Thus, the measured temperature 

of the subsolar point will be higher than the Lambert  temperature.  

These same surfaces will also be favorably oriented toward the 

2 



. 
In the case of subsolar point observations at various phases, 

again surface geometry i s  the key. 

a t  low elevation angles (e. g. , a few days before third quarter Moon) l e s s  

of the warmer valleys and more of the cooler slopes (mountains, c ra te r  

walls, rills) will be seen. 

lower than the Lambert temperature . 

When the subsolar point i s  observed 

The result i s  then a measured temperature 

111. THE INFRARED SCAN DATA O F  THE BOEING 
SCIENTIFIC RESEARCH LABORATORIES 

The data studied in this report were obtained f r o m  infrared scans 

made by J. M. Saari  and R. W .  Shorthill of the Boeing Scientific Research 

Laboratories. 

various publications [Shorthill and Saari  (1955); Saari  and Shorthill (1966) 1 , 
only a brief description will be presented here .  

Since the instrumental details have been described in 

The scanning of the lunar image was accomplished using a focal- 

plane scanner which mechanically moved the detectors in a rectangular 

ras te r .  Measurements were made simultaneously of the reflected light 

a t  4450 A and of the infrared radiation in the 10-12 micron region to a 

resolution of 8" arc .  

infrared detector used allowed rapid scanning so that the lunar disk could 

be covered in 30 minutes. 

telescope at Mt. Wilson except for the scan at - 2 "  phase angle for which 

the 74" Kottamia telescope of the Helwan Observatory in Egypt was 

used (resolution of 10" of arc) .  

The fast response of the mercury-doped germanium 

The measurements were made using the 60" 

The analog signals were recorded on magnetic tape and digitized 

into a format suitable for reduction on an IBM-7094 computer. Certain 

selected signal levels were assigned coded symbols so  that the output of 

the computer consisted of a printout of these symbols positioned as they 

were encountered in the scan raster.  

by hand o r  machine resulting in thermal contour maps (and associated 

These levels were either contoured 

3 



a 
I 
8 
I 
1 
I 
B 

photometric maps) which were used in the present work. 

example of such a thermal contour map for a phase angle of -2 " 16'; a 

librated standard orthographic grid has  been overlaid to provide position 

information. 

Figure 5 i s  an 

The calibration of the infrared detector [ Saari  and Shorthill (1966)l 

was done with respect to a calculated value of the temperature of the sub- 

solar point, which included corrections for the Sun-Moon distance, the 

local albedo, and the directional effects shown in Fig.  4. Planck's black- 

body function was integrated over the response of the filter-detector combi- 

nation and the atmospheric window. 

visible, the calibration was determined by the detector calibration made 

each night and optical losses  in the system determined from the obser- 

. vations made when the subsolar point was visible. 

When the subsolar point was not 

IV. EXAMPLES O F  DATA ALONG THE THERMAL MERIDIAN 

Preliminary studies in the initial phases of this work were 

concerned with the variation of lunar temperature f rom the subsolar point 

(SSP) along a line through the apparent center of the disk, the thermal 

meridian [Montgomery (1966)I. Five phases were studied ( -2",  *39", 

*90"). The data a t  Full Moon showed a reasonable agreement with the 

work of Pettit and Nicholson (1930). 

Lambert  surface law T = TocosT8 seemed to be obeyed. 

At  the la rger  phase angles the 
1 

We show here data a t  four phase angles (CY = -2", -15", -29",  and 
1 

-65") which reveal the transition from the cosx8 law near Full Moon to 

cos48 at  larger  phase angles. 

measurements of brightness temperature were analyzed. 

angle CY is negative before Full Moon. 

1 - 
Figure 6 shows the paths along which 

The phase 

The variation in brightness temperature along these paths is 

plotted in Fig.  7. 

the subsolar point temperature. 

The intersection of the curves with the ordinate gives 
1 1 - - 

For  comparison, the cos68 and cos48 

4 



variations a re  also shown on the graph. 

phase angle more o r  less  follow the cos60 law; the data actually show a 

slower variation toward the limbs than indicated by this law. 

phase angle increases ,  the data more closely approximate the c0s40 law, 

although even f o r  the larger  phase angles there i s  a slight but noticeable 

upturning at  large angular distances f rom the subsolar point. 

Notice that the data for - 2 "  
1 - 

As the 
1 - 

V. DEFINITION OF THERMAL COORDINATES 

The thermal coordinate system used in this analysis was chosen 

to show the variation in brightness temperature of points on the lunar 

surface with respect to their  angular distance from the subsolar point. 

The data a r e  exhibited by considering the subsolar point a s  the thermal 

north pole and the antisolar point a s  the south pole and then constructing 

circles  of thermal longitude and latitude. The thermal prime meridian 

is defined a s  the line of thermal longitude passing through the apparent 

disk center at the time the data were taken. Positive thermal  longitude 

i s  determined according to the right-hand rule, i .  e. , i f  the thumb of the 

right hand points along the thermal axis and out of the subsolar point, the 

lingers curl in the direction of pssitive therw-al lo-n-gitude. Thus positive 

thermal  longitude i s  measured counterclockwise looking down upon the 

subsolar point. 

i. e .  , zero-degree thermal latitude. 

In this system the terminator i s  the thermal equator, 

VI.  THERMAL GRID OVERLAYS AND BRIGHTNESS 

PHASE CONSTANT 
TEMPERATURE VERSUS THERMAL LONGITUDE - 

Thermal coordinate grids f o r  every l o o  interval of latitude and 

longitude were drawn for each particular phase analyzed at  the topocentric 

libration for the time of the measurement. These grids were projected 

on the thermal contour maps, and the brightness temperatures read off 

5 



at the above grid intersections of latitude and longitude. 

for  nineteen separate lunar phases were analyzed, and a r e  listed in 

Table I, together with the positions of the subsolar point and apparent 

disk center. 

Scan programs 

For  reference purposes, the thermal grids for each phase (which 

can be thought of a s  being attached to  the lunar surface) have been redrawn 

as  they would appear at mean libration (0,O) and laid over the ACIC LEM 

lunar chart. Figure 8 shows this lunar chart  without the thermal grid 

lines; the sensor resolution is indicated by a small  c i rc le  1/240 of the 

lunar diameter. 

The thermal grids fo r  each phase together with the corresponding 

plots of brightness temperature versus thermal longitude a t  constant phase 

angle fo r  each circle of thermal latitude a r e  shown in  Figs. 9 through 46. 

Progressing across a given curve corresponds to traveling around a circle  

of thermal latitude concentric with the subsolar point. 

indicate measurements taken in upland (rough) regions; the values with 

vertical bars  in smooth regions such as  maria .  

system indicates the direction of positive thermal  longitude and the 

symbol 8- indicates the apparent disk center. 

The circled values 

The arrow on each grid 

VII. BRIGHTNESS TEMPERATURE VERSUS THERMAL 
LONGITUDE - LATITUDE CONSTANT 

A second method for presenting the data i s  shown in the next 

15 figures. In this system the results for a particular thermal latitude 

a re  plotted against the thermal longitude for the different phases. The 

data for the negative phases a r e  shown in F igs .  47 through 54, and for 

the positive phases in Figs. 55 through 62. 

6 



VLII. BRIGHTNESS TEMPERATURE VERSUS 
PHASE - LATITUDE CONSTANT 

The final method of data presentation is  shown in Figs. 63 through 
._ 

70. 

are plotted as a function of the phase angle a, with points shown for 30" 

increments of thermal  longitude. 

to the thermal coordinate system described above. Because of the con- 

vention chosen, a peculiarity ar ises  when a given thermal coordinate is 

observed through a lunation, Consider the point at thermal  latitude 40" 

and thermal longitude 30 " when a < 0 " , i. e. , before Full Moon. 

Fig. 13, where a = -91"52', this point falls south of the c ra t e r  Santbech. 

The point moves west to an area  on the southeast rim of Mare Nectaris 

a t  a phase angle cr = -88'41' as seen in Fig. 15. In F i g .  17, at a = -65"29', 

the point has  moved to a region northwest of Sacrobasco and just  before 

Full Moon; at a = -2"16', the point i s  on the western rim of Mare Humorum 

(see Fig. 25). 

increasing toward Full  Moon and is plotted on Fig. 67 with a 0 symbol. 

Here  the brightness temperatures for particular thermal latitudes 

The data a r e  presented with reference 

In 

The brightness temperature up to this point has been 

At a phase angle a = +11"42', however, in this grid system the 

point of thermal  latitude 40" and thermal  longitude 30" has shifted to a 

region near Maraldi (see F i g .  27). 

thermal grid we a r e  actually interested in following now has  a thermal  

longitude of - 150 " and is plotted on Fig. 67 with a A symbol which places 

it near  the c ra t e r  Mersenius. This effect is shown in  Fig. 71 where the 

brightness temperature versus  phase angle has been plotted for  a family 

of thermal  latitudes for  30 " thermal longitude before Full Moon (a = 0 ") 

and for -150" thermal  longitude after Full  Moon. 

that under these conditions the brightness temperature continues to 

increase,  reaching its maximum somewhat after Full  Moon. This effect, 

a consequence of the directional properties of the lunar thermal  emission, 

will be discussed la ter .  In general then, in order  to  follow a certain grid 

point, which moves across  the lunar disk f rom east to west along a band 

It i s  c lear  that the point on the 

It is  interesting to note 

7 



of selenographic latitude, as the phase angle increases,  one subtracts 

180" from the thermal longitude at  minus phase angles to obtain the proper 

thermal longitude t o  follow for positive phase angles. 

IX. FACTORS AFFECTING THE BRIGHTNESS 
TEMPERATURE VALUES 

This report is concerned with the directional characterist ics of 

lunar infrared emission. 

brightness temperatures and contribute to the scatter in the data, namely 

variations of local albedo and surface topography. 

There a r e  two factors which affect the measured 

Consider f i r s t  the effect of albedo. On the Moon the albedo ranges 

from 0 . 0 5  to 0.20; typical maria  have a value of 0.06, and typical uplands 

a value of 0 .  12. A determination was made on the scan program for phase 

-2O16' of the change in brightness temperature in traversing from mare  to 

upland regions. 

at  400"K, for example, an 8°K difference i n  temperature can be expected 

between mare  and uplands. 

It was found to amount to approximately 2 percent; thus 

With regard to the effect of topography, consider the change in 

temperature caused by a *5"  change in the angle between the Sun and 

surface normal. 

0+40* likewise for 0 = 60" *5', the temperature the temperature will be 376 

will  be 318 -140. Topography will have i ts  greatest  effect near the termi-  

nator, and least effect near the subsolar point. 

1 - 
Using the cos48 law, one calculates for  8 = 30" *5" that 

-6" '  
.+11 " 

The above examples serve to point out the variation in the measured 

brightness temperature to be expected from these effects. 

the temperature plots shows that the scatter of the points is, in  fact, in  

this range. 

Examination of 

- 
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X. DISCUSSION 

In the f i r s t  set  of figures (Figs.  10, 12, .  . .44,  and 46), since 

each curve on each graph is  at  constant latitude (i. e . ,  a fixed Sun ele- 

vation angle to the surface normal), the brightness temperature should be 

constant f o r  a Lambert  surface. 

is the concave upward shape of the curves, which is particularly noticeable 

for the smaller values of thermal latitude and for la1 between 11" and 76" .  

Perhaps the best example of this effect is  shown in F i g .  24 (0 = -15'28') 

for thermal latitude of 10 O .  

The main feature evident on these plots 

The figures in the second se t  (Figs. 47 through 62) a r e  each plotted 

for a particular thermal latitude a s  a function of phase angle and thermal 

longitude. Since the thermal latitude is constant for each figure, the Sun 

angle to the surface is constant and a Lambert  surface would have a con- 

stant brightness temperature. 

been indicated, which is  3 percent l e s s  (to correct  f o r  an albedo midway 

between mare  and uplands) than the theoretical blackbody temperature. 

F o r  la1 l ess  than about 50", the measured brightness temperature i s  

greater than the Lambert  temperature. 

implying that surfaces oriented toward the Sun, and hence receiving more 

energy per  unit a r ea  than level surfaces, a r e  contributing more to  the 

integrated brightness temperature than a r e  surfaces oriented away from 

the Sun. 

On each figure a Lambert temperature has  

This can be understood a s  

The concave upward shape of the curves in the f i r s t  se t  of figures 

(Figs. 10, 1 2 , .  . . , 44, and 46) and in the second set  (Figs.  47-62) at small  

thermal latitudes appears to be due to  the changing ratio of illuminated 

a rea  to shadowed a rea  seen by the sensor. 

latitudes a r e  quite flat. 

solar point there a r e  fewer shadows. 

this effect. 

shadow region within the scan zone decreases,  and the integrated brightness 

The curves for high thermal 

This is to be expected since closer to the sub- 

Figures 63 through 70 emphasize 

As the phase angle increases,  the ratio of illuminated to 

9 



temperature declines. 

on the thermal meridian; most of the c ra t e r  interior is in shadow. 

c ra t e r  is moved in thermal longitude (at  the same thermal  latitude), the 

percentage of the c ra t e r  observed to be in shadow wil l  drop; therefore, 

the brightness temperature will increase.  

In F i g .  71 a c ra t e r  i s  shown near the terminator 

If  the 

Thus, two effects, both caused by surface geometry, explain the 

data. 

toward o r  away from the Sun i s  the dominant effect. 

there  a r e  more  shadows within the scan zone and the integration over 

shadowed and illuminated surfaces is the dominant effect. 

At small  phase angles there  a r e  few shadows and surface orientation 

At la rger  phase angles, 

A closer examination of the data reveals that the maximum bright- 

ness  temperature is not necessarily observed exactly in the direction of 

the Sun (see F i g .  72). This i s  in contrast to the photometric scattering 

function, for which all points on the Moon, regardless of position, show a 

sharp maximum in brightness at Full Moon. The result  for the infrared 

can be understood qualitatively in t e rms  of a simplified model consisting 

of a flat surface interspersed with many c ra t e r s  in  the field of view. 

c ra t e r s  a r e  assumed to be portions of a hemisphere with no rims (see  

F ig .  73). 

as  shown. 

c ra t e r  interior,  the temperature will  have a maximum value designated 

as T3.  Jus t  inside the c ra te r  rim at  D the temperature will be less ,  at 

a value T2. 

ature. 

than Tz. 

the observer 's  elevation angle changes f r o m  that of the Sun, downward 

until he is looking parallel  to the surface. Since the c ra t e r  occupies a 

constant percentage of the field of view regardless of the observer 's  

elevation angle, we can ignore the effect of the flat surface outside the 

c ra t e r  and consider o n l y  the variation in brightness temperature f rom the 

c ra t e r  itself. Now, when looking down the Sun line, the observer sees  all 

The 

Consider the Sun illuminating the surface a t  an elevation angle 

At  point C, where the Sun's rays  a r e  perpendicular to the 

There wil l  be a corresponding point at B at the same temper- 

The shadow edge at A wil l  be a t  a temperature TI, which is lower 

Let us now consider the variation in brightness temperature a s  

10 



of the illuminated portion of the c ra te r  f rom A to D at  a certain average 

brightness temperature. If the observer 's  elevation angle is reduced so 

he sees only the portion from B to D, the brightness temperature wil l  

increase,  since he no longer can see AB, all  of which is a t  a temperature 

lower than T2 .  If now the observation angle is fur ther  reduced so  only C D  

is visible, the same brightness temperature will  be noted as when BD was 

visible, a value somewhere between T2 and T3. When the surface is 

observed just at the grazing angle, only the region near D is visible, so 

the brightness temperature will be Tz. Clearly a maximum is observed 

when the region of visibility extends from D to somewhere between B and 

C ,  when the elevation angle of the observer is  lower than that of the Sun. 

Strictly speaking, the above argument applies to a cylindrical trench, but 

similar considerations would apply to a c ra te r  so that the same conclusion 

would be reached. 

Qualitatively, therefore, the directional characterist ics of the 

lunar infrared emission can be understood in t e rms  of surface roughness, 

without invoking explanations such a s  directional emissivity. 

possible to perform theoretical studies on various models of surface rough- 

ness to  determine whether the experimentally observed data can be fitted 

with simple and realistic geometries. Calculations have been perfzrxned 

for a V-shaped trench model covering the entire surface and it was 

determined that, i f  the sides were inclined 30" f r o m  the horizontal, a 

reasonable agreement was  obtained with the brightness temperature vari-  

ation observed on the Full Moon and along the thermal meridian fo r  the 

quarter phases. This model, however, is not realistic, and it i s  suggested 

that a surface consisting of c ra te rs  would be a better one to study. 

calculations would determine whether the observed directional effects a r e  

consistent with the geometry observed in the Ranger and Lunar Orbiter 

photographs. 

theoretical model, it would allow the determination of directional effects 

It would be 

Such 

If the data could be reasonably represented by such a 

1 1  



I 
for wavelengths other than the 10-12 micron band employed here ,  and f o r  

the total energy a s  well, which i s  of interest  for  heat-balance calculations 

for  spacecraft on or  near the lunar surface. I 
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Figure 35. Thermal Coordinate Grid f o r  Phase Angle +63"23' 
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Figure 41. Thermal Coordinate Grid f o r  Phase Angle +98"40' 
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Figure 43. Thermal Coordinate Grid for Phase Angle +123"51' 
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Figure 45. Thermal Coordinate Grid f o r  Phase Angle +135"40' 
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Figure 63. Brightness Temperature Versus Phase a t  
Thermal L a t i  tude 80" 
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